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This study explores a bioinspired approach to enhance electrocatalytic oxygen evolution reaction (OER)
performance by employing a pheomelanin-like thin film. Inspired by the complex chemistry of natural
pigments, we developed an ultrasmooth and exceptionally thin organic coating by introducing cysteine
derivatives into dopamine-based solutions. The resulting films, approximately 2 nm thick, form
conformal layers on conventional RuO, electrocatalysts and significantly reduce the overpotential
required for the OER. Specifically, coatings with cysteine methyl ester (CME) or cysteine ethyl ester (CEE)

achieved overpotential reductions of up to 34 mV at 10 mA cm™2 compared to pristine RuO5. Beyond
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Accepted 26th March 2026 improved catalytic performance, the films exhibited unique deposition kinetics characterized by an
autocatalytic “bursting” behavior, highlighting the emergent properties of the system. Our findings

DOI: 10.1039/d6sc00776g underscore the potential of bioinspired organic materials to modulate electrocatalytic interfaces, offering
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Introduction

Melanin-like polymers are redox-active organic materials that
embed persistent carbon-centered and semiquinone-based
radicals within a heterogeneous m-conjugated network.'™*
Subtle variations in the precursor structure and supramolecular
association often tune inter-oligomer conjugation and m-m
stacking, thereby modulating charge transport and radical
chemistry (Fig. 1).° In eumelanin, for instance, preventing the
spontaneous decarboxylation of 5,6-dihydroxyindole carboxylic
acid (ie., retaining the -COOH instead of forming 5,6-di-
hydroxyindole, DHI) was shown to impede inter-unit conjuga-
tion and reshape the radical character—hence the electron-
transfer capability—of the pigment.®” This aligns with the
characteristics of a complex system, where simple changes in
the initial conditions can lead to emergent material properties.®
In pheomelanin, 1,4-benzothiazine (BTZ) derivatives are
considered central intermediates that determine material
properties, akin to the role of DHI in eumelanin;”>™** however,
compared to the information available for DHI/eumelanin, the
structure—property relationship of BTZ in pheomelanin remains
much less understood.
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new strategies for the rational design of hybrid catalytic systems in energy conversion technologies.

It is notable that eumelanin-like materials have found broad
utility—ranging from ultraviolet (UV) shielding,"*™** photo-
thermal therapy,””™” photocatalysis,'®*® to structural colora-
tion,***'—suggesting that subtle control of their molecular and
supramolecular structures can translate into functional
performance.?>* Beyond these applications, the inherent redox
activity and m-conjugated framework of melanin have recently
positioned these polymers as promising candidates for
electrocatalysis, particularly the water splitting reaction.>*>’
While nitrogen doping is a common strategy to improve
performance, single nitrogen-doping characteristic of
eumelanin-like systems has shown limitations in significantly
boosting catalytic efficiency. Recent studies have demonstrated
that the introduction of secondary heteroatoms, particularly
sulfur, provides a significantly greater promotional effect on
electrocatalytic performance compared to nitrogen alone.”®
However, traditional eumelanin-like materials often encounter
limitations in this context, such as suboptimal charge-transfer
kinetics or a lack of long-range electronic order, which can
hinder their overall efficiency. Guided by the need to overcome
these challenges, we hypothesized that perturbing the BTZ
pathway could yield pheomelanin-like films with interfacial
electronic structures favorable for water oxidation. Among
various options to perturb the BTZ pathway, we selected L-
cysteine methyl ester (CME) and r-cysteine ethyl ester (CEE) for
two primary reasons at the chemical level: (i) esterification
retains the carboxylate group and thus inhibits decarboxylation
that often drives aromatization in BTZ derivatives. By analogy to
the case of DHI, carboxylation of BTZ derivatives is expected to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Formation of DHI and BTZ that self-associate to form eumelanin and pheomelanin, respectively. Addition of CME or CEE leads to the

formation of BTZ derivatives that may be nucleophilically expanded.

curb excessive inter-unit conjugation and tune the population
of embedded radicals.*” (ii) The ester carbonyl introduces an
additional electrophilic site, enabling broader condensation
and ring-expansion routes for BTZ-like intermediates. Taken
together, these two design elements increase the structural
diversity and the modes of self-association of BTZ units (-7
stacked or complexed assemblies), which we hypothesized
would yield ultrasmooth, ultrathin pheomelanin-like films
optimal for the reaction  (OER)
electrocatalysis.

Currently known high-performance electrocatalysts for water
oxidation are mostly metal-based and, when scaled, often entail
issues related to cost, scarcity, and environmental footprint.*
The discovery of an organic, metal-free interfacial enhancer that
can lower the overpotential and improve kinetics on conven-
tional oxide anodes would therefore be beneficial for sustain-
able and economically viable hydrogen production.** Despite
extensive studies on catecholamine coatings, most studies have
focused on polydopamine (pDA) as a universal adhesive layer.
Systematic exploration of pheomelanin-like coatings via BTZ-
pathway engineering—and their implications for electro-
catalysis—has remained limited.

It is worth noting that our use of CME and CEE is intended to
enrich the diversity of BTZ-type intermediates and their supra-
molecular associations during film formation, rather than to
introduce a specific functional group into the final complex poly-
mer. This approach differs from conventional “functional-group
grafting” strategies and instead aligns with methodologies
aimed at studying or regulating complex systems. Guided by these
assumptions, we set out to test whether CME/CEE-assisted depo-
sition could produce conformal (~2 nm-thick) pheomelanin-like
films on RuO, and deliver measurable enhancement in OER
metrics compared to pDA or unmodified coatings.

oxygen-evolution

Results and discussion
Non-linear increase in light absorption

Cysteine and its derivatives can react with various oxidized
intermediates of dopamine (DA) or i-dopa in the process of

© 2026 The Author(s). Published by the Royal Society of Chemistry

melanogenesis. Under physiological and slightly basic condi-
tions, a significant portion of thiols are deprotonated and can
therefore react with oxidized quinone structures. In addition,
thiols are readily oxidized to form disulfides in the presence of
oxidants and often significantly slow the oxidative polymeriza-
tion of catecholamines. Accordingly, the addition of cysteine
was anticipated to significantly inhibit the deposition of pDA
films, and efforts to design pheomelanin-like films have seldom
been attempted.

Reflecting the formation of melanin-like materials, an
aqueous solution of DA spontaneously exhibits a gradual,
monotonic increase in light absorption across a broad range
from UV to near-infrared (IR) regions—a trend often used as
a hallmark of synthetic progression. As expected, this increase
in light absorption was largely suppressed by the addition of the
same molar concentration of CME (Fig. 2a). Under this condi-
tion, the color of the solution remained nearly unchanged for
up to 48 h, whereas the basic DA solution without CME turned
dark within approximately 1 h (Fig. S1). However, when the
relative quantity of CME to DA was decreased ([DA]:[CME] =
10:2 mM), the solution showed an abrupt increase in light
absorption over a broad wavelength range after a long (~30 h)
quiescent period—hereafter referred to as a “burst” (Fig. 2b). In
the short-wavelength region, the diluted samples showed that
the ~280 nm band changed only modestly over the course of the
reaction (Fig. S2). While the absorption feature near ~280 nm is
commonly associated with m-mt* transitions of the aromatic/
catechol motif of DA, similar near-UV features can also persist
in DA-derived oxidation products and oligomeric species during
polymerization. In contrast, the featureless broadband absorp-
tion in the visible region is more specifically attributed to the
emergence of extended conjugation, electronic coupling
(including excitonic interactions), and aggregation-induced
electronic states among DA-derived oligomers and higher-
order assemblies.** Accordingly, the formation of a melanin-
like material can undergo a kinetic transition manifested as
a pronounced increase in visible absorption—even when the
~280 nm band changes only modestly and thus does not serve
as a quantitative proxy for the concentration of the free DA

Chem. Sci., 2026, 17, 9780-9792 | 9781
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Fig.2 UV-vis spectra and kinetics of DA + CME solutions under bursting and non-bursting conditions. (a and b) Time-dependent UV-vis spectra
of solutions of DA + CME under (a) non-bursting conditions ([DA] : [CME] = 10 : 10 mM) and (b) bursting conditions ([DA] : [CME] =10 : 2 mM). (c)
Temporal increase of the Ass0 value, monitored to track the burst kinetics, of a solution under bursting conditions in (b). (d) Heat map
presentation of A4gs values, a representative wavelength of the high-energy region of the broadband absorption, of solutions with various ratios
of [DA] and [CME] at 52 h. (e) Temporal changes of A4gs values and (f) the time points when a burst was first observed for different ratios of [DA]
and [CME]. (The inset in (e)) A photo of a mixed solution of DA + CME ([DA]:[CME] = 10 : 2 mM).

monomer. The burst occurred within a remarkably short
period, in contrast to the preceding quiescent phase, and was
accompanied by dramatic darkening of the solution (Fig. 2c and
S3). To quantitatively track this abrupt optical transition,
absorbance changes were monitored at selected wavelengths
within the high-energy visible region. Melanin-like materials
are known to exhibit featureless, broadband absorption that
increases monotonically toward shorter wavelengths (~400-500
nm) as aggregation and excitonic broadening progress, rather
than showing discrete molecular absorption bands.** Accord-
ingly, absorbance at 450 nm was used for time-resolved analysis
of the burst behavior shown in Fig. 2c, as this wavelength lies
within the broadband absorption regime while providing a wide
dynamic range, improved signal-to-noise ratio, and reduced
risk of early signal saturation under our experimental condi-
tions. This kinetic trend is a characteristic of a non-linear
chemical process, likely involving an autocatalytic component.
The presence of a quiescent period implies that the burst may
occur only after CME is depleted or rendered redox-inactive
through the reaction with oxidized DA species. This hypoth-
esis is further supported by nuclear magnetic resonance spec-
troscopy (NMR), showing depletion of cysteine esters over time
(Fig. S4). These findings also imply that the material—whether
in solution or deposited on a surface—likely differs in compo-
sition and structure before and after the burst event.

We next investigated whether the onset of the burst is
determined by the ratio between DA and cysteine esters by
comparing solutions with different molar ratios of DA and CME
or CEE in a microwell plate. For systematic comparison under
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a large number of conditions in the microwell-plate experi-
ments, absorbance at 405 nm was monitored as a representative
wavelength in the high-energy region of the broadband
absorption, which reflects the extent of melanin-like material
formation and has been widely used as a proxy for aggregation-
driven optical evolution in melanin systems.*> When the
amount of cysteine ester was comparable to that of DA (e.g.,
a molar ratio of 1:1 or 2:1 for DA/CME or DA/CEE), no burst
was observable over an extended period (>52 h; Fig. 2d, S5, and
Table S1). When the concentration of DA was fixed, increasing
the molar ratio of DA : CME resulted in a slower onset of the
burst in an approximately linear fashion (Fig. 2e and f), again
implying that the burst is correlated with depletion of CME in
solution. When a burst took place, the solution concurrently
darkened and became enriched with insoluble species, similar
to what occurs—albeit much earlier—in a DA-only solution
(Fig. 2e, inset). We note that the onset times measured in the
microwell-plate experiments were substantially delayed relative
to those measured under the same conditions using glass vials
(Fig. S6). It is known that the kinetic parameters governing the
formation of pDA depend critically on the reaction container.**
Nonetheless, experiments conducted within the same container
still provide internally consistent and tractable kinetic infor-
mation, as demonstrated by the results obtained using
a microwell plate presented above. Reproducibility of the
microwell-based reactions was further confirmed through
repeated measurements (Fig. S7). Differences between CME and
CEE were minimal with respect to their ability to regulate the
burst, whereas cysteine itself behaved distinctly from both ester

© 2026 The Author(s). Published by the Royal Society of Chemistry
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derivatives (Fig. S8). This observation suggests that esterifica-
tion of the carboxylic group plays a critical role in determining
how cysteine derivatives influence pDA formation.

Deposition of pheomelanin-like films

Melanin-like materials, including pDA, are widely regarded as
disordered, graphene- or graphite-like amorphous organic
networks.*** Their structures are commonly described in terms
of heterogeneous m-conjugated domains, defective graphitic
motifs, and edge-rich carbon and nitrogen functionalities,
which collectively govern optical absorption, redox activity, and
interfacial charge transport. Within this general framework,
variations in precursor chemistry and reaction pathways are
known to modulate the local bonding environments and
supramolecular organization of these graphitic-like networks,
thereby giving rise to distinct deposition behaviors and inter-
facial properties. In this context, we next examined how the

View Article Online
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introduction of cysteine ester derivatives alters the deposition
behavior and interfacial manifestation of melanin-like films
formed from DA under basic conditions.

The darkening of a basic DA solution is generally correlated
with the deposition of a pDA film at solid-liquid and air-liquid
interfaces. pDA film formation relies primarily—but not exclu-
sively—on the sedimentation of covalently and noncovalently
crosslinked oligomeric species, which normally exhibit strong
light absorption. The solution darkens as DA-derived oligo-
meric species grow in size, and larger oligomers are more likely
to sediment and form an organic film. Since the addition of
cysteine esters significantly attenuated darkening of the solu-
tion, we initially anticipated that it would prevent the deposi-
tion of the pDA film. However, we unexpectedly observed an
evident change in the wettability of a gold substrate that had
been in contact with a transparent solution of DA and CME or
CEE (i.e., before a burst), indicating a remarkable change in the
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Fig. 3 Film characterization before and after burst: morphology, thickness, wettability, and chemical composition. (a) Photos of the films coated
on glass substrates after burst (48 h deposition) and the thickness of the films coated on Si wafers before (18 h) and after (48 h) burst. (b) AFM
images and (c) photos of a water droplet on the CME films before (left) and after (right) burst. (d) Time-dependent evolution of water contact
angle with increasing deposition time. (e) XPS spectra of a film coated before burst. (Burst conditions; [DA] : [CXE] = 10 : 2 mM).
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chemical structure of the surface. To further characterize this,
silicon wafer substrates were immersed in the solution of DA
and cysteine ester. Up to 18 h of incubation—during which no
burst occurred—the substrate showed negligible color changes
(Fig. 3a). Nonetheless, ellipsometric measurements clearly
indicated the presence of an organic thin film growing very
slowly (Fig. 3a). After 18 hours, the film reached only ~2-3 nm
in thickness, in stark contrast to the standard method of pDA
deposition, which typically yields ~100 nm-thick films over the
same duration.** Thin film formation was detectable even
within the first 2 h of incubation, after which no substantial
growth occurred until the burst took place (Fig. S9). After 36 h
(i.e., post-burst), we observed abrupt film growth, reaching
16.20 + 2.80 nm and 19.30 + 2.44 nm for CME and CEE,
respectively, at 48 h. This abrupt growth coincided with a visible
color change on the substrates (Fig. 3a). A similar trend was
observed on gold substrates, indicating that the deposition of
a thin film may occur on various types of substrates (Fig. S10).
This initial transparent layer shares functional similarities with
the early, non-pigmented stage of traditional alkaline pDA
formation, which is characterized by stable interfacial
anchoring and high wettability. While this stage is typically
a transient precursor to rapid nanoaggregation, the cysteine
esters effectively ‘stall’ the polymerization, maintaining an
ultrathin interface for an extended period. The subsequent
‘burst’ in growth is triggered only upon the depletion of these
chemical modulators (Fig. S4), at which point the system tran-
sitions into the rapid, aggregate-driven deposition character-
istic of mature melanin-like materials.

Atomic force microscopy (AFM) analysis showed that the
morphologies of films deposited before and after the burst
differ dramatically (Fig. 3b and S11). Films deposited under
non-bursting conditions exhibited extremely smooth morphol-
ogies without irregular features. The burst, on the other hand,
led to the formation of films containing spherical sediments,
similar to those observed in conventional pDA or other
melanin-like films. Consistent with this distinction, roughness
values extracted from AFM images obtained under non-bursting
conditions were substantially lower than those measured under
bursting conditions.

The film deposited under non-bursting conditions was abnor-
mally thin, and its morphology was barely distinguishable from
that of the bare substrate. Notably, it nonetheless showed
a remarkable change in water wettability. Substrates immersed in
a non-bursting DA + CME solution exhibited an extremely high
degree of hydrophilicity to the extent that a stable droplet could
not be formed for contact angle measurement (Fig. 3c). As the film
grew thicker after the burst, the hydrophilicity of the substrates
markedly decreased, with water contact angles increasing to 41.82
+ 2.18° (Fig. 3¢, d, and S12). It is notable that this value is
comparable to those typically measured for conventional pDA
films,*” implying that the film formed under bursting conditions
more closely resembles pDA than that deposited before the burst.
To further examine the chemical nature of these films, we con-
ducted X-ray photoelectron spectroscopy (XPS) analyses on the
films deposited under bursting conditions. The atomic composi-
tion of the film was measured to be 65.34, 7.77, and 19.83% for
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C, N, and O, respectively. The C 1s, N 1s, and O 1s spectra indi-
cated that the films were primarily composed of C-C/C=C, C-O/
C-N, pyrrolic N, and graphitic N species (Fig. 3e, S13 and S14). The
presence of graphitic N was particularly notable, as it is absent
from the oligomeric intermediates typically formed during the
polymerization of pheomelanin or melanin. In addition, the S 2p
spectrum of the burst-stage film exhibited a characteristic doublet
corresponding to S 2p;., and S 2p,,, with the S 2p;, component
appearing slightly more intense, consistent with the expected
spin-orbit splitting of sulfur species (Fig. S14c).*® These results
confirm the incorporation of sulfur-containing moieties within the
melanin-like film.

To further elucidate the chemical nature of the films formed
before and after the burst, as well as their distinction from
conventional pDA, we performed solid-state *C cross-
polarization total suppression of sideband (CP-TOSS) NMR
analyses on the bulk materials prepared under corresponding
conditions (Fig. S15). Unlike surface-sensitive techniques, solid-
state NMR probes the averaged chemical environments within
the entire organic network and is therefore well suited to assess
whether cysteine ester derivatives are chemically incorporated
into the melanin-like framework.

The *C CP-TOSS spectra of CME- and CEE-derived materials
exhibited dominant broad resonances in the aromatic region
(approximately 110-150 ppm), consistent with the formation of
heterogeneous m-conjugated melanin-like networks. Impor-
tantly, both CME and CEE samples displayed pronounced
carbonyl signals near ~170 ppm, along with ester-specific
alkoxy resonances that were absent from pDA. In particular,
the CME-derived sample showed a characteristic resonance at
~51 ppm, assignable to the O-CH; group of a methyl ester,
while the CEE-derived sample exhibited distinct resonances at
~71 ppm (O-CH,) and ~16 ppm (CHj3), consistent with ethyl
ester moieties.

In contrast, the ">C CP-TOSS spectrum of pDA was dominated
by broad aromatic (110-150 ppm) and aliphatic (30-45 ppm)
resonances, without discernible ester-related features. Moreover,
all spectra were characterized by broad signals rather than sharp
monomer-like peaks, indicating polymerized, chemically hetero-
geneous solids rather than residual low-molecular-weight species.
Raman spectroscopy and liquid chromatography-mass spectrom-
etry (LC-MS) analysis also corroborated these findings, identifying
distinct structural fingerprints and molecular intermediates uni-
que to the pre-burst phase (Fig. S16). LC-MS analysis was per-
formed on aliquots taken from the DA + CXE reaction solution
prior to the onset of the burst event. The ESI+/MS spectra revealed
molecular ion peaks corresponding to intermediates consistent
with BTZ-based derivatives, suggesting the formation of sulfur-
containing melanin-like intermediates during the pre-burst
stage. Raman spectroscopy was carried out on the powder
samples obtained immediately after the burst event, where suffi-
cient solid material could be collected for spectroscopic analysis.
The resulting spectra were largely dominated by features charac-
teristic of eumelanin-like structures. To further probe the potential
formation of pheomelanin-like species, the fingerprint regions at
500-550 cm~ ' and 700-750 cm '—assigned to C-S vibrational
modes and BTZ ring vibrations, respectively—were examined in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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an enlarged view. Weak but discernible signals were observed
within these regions, indicating the presence of structural motifs
consistent with pheomelanin-like components. However, it is
important to note that the definitive identification of specific BTZ-
related motifs remains a profound analytical challenge due to the
intrinsic chemical heterogeneity and disordered amorphous
nature of melanin-like polymers. Such structural complexity typi-
cally results in broad, overlapping spectral features that obscure
distinct molecular signatures, which account for the scarcity of
direct evidence for these motifs in prior literature. Consequently,
the convergence of our multi-modal analytical findings provides
a self-consistent and compelling indication of the activation of the
pheomelanin-like chemical pathway. Taken together, the analyt-
ical data suggest that the non-bursting CME- and CEE-derived
films are chemically distinct from conventional pDA, and that
the ultrathin films formed prior to the burst already possess
a unique sulfur-containing melanin-like chemical microstructure.

Application of CME and CEE films in OER electrocatalysis

Because melanin-like materials are organic, they exhibit
conductivity only under specific conditions, making the
formation of uniform, nanometer-scale films essential for reli-
able transfer of electrons and protons. Traditional pDA films
have often struggled to achieve such uniformity, thereby
compromising conductivity. In contrast, the CME- and CEE-
based methodologies enable precise control over the produc-
tion of exceptionally thin and uniform coatings, as evidenced by
transmission electron microscopy (TEM) in Fig. 4a and b.

To evaluate the electron-transfer capabilities of these
melanin-like films, their charge transfer kinetics were assessed
using the OER as a benchmark. CME, CEE, and pDA films were
deposited onto RuO, particles—a benchmark OER catalyst—
yielding RuO,@CME, RuO,@CEE, and RuO,@pDA, respec-
tively. TEM analysis revealed that CME- and CEE-derived films,
each approximately 2 nm thick, provided uniform and
conformal coatings on the RuO, particles (Fig. 4a and b).
Notably, both RuO,@CME and RuO,@CEE exhibited improved
OER performance compared to pristine RuO, as demonstrated
by linear sweep voltammetry (LSV) curves measured in 1 M
KOH. Specifically, the overpotentials at a current density of 10
mA cm 2 (n10) decreased to 293 mV and 315 mV for RuO,@CME
and RuO,@CEE, respectively, compared with 327 mV for pris-
tine RuO, (Fig. 4c). This trend became even more pronounced at
a higher current density of 100 mA ecm > (1100), With over-
potentials of 364 mV, 406 mV, and 503 mV for RuO,@CME,
RuO,@CEE, and pristine RuO,, respectively. In contrast,
RuO,@pDA exhibited reduced OER performance compared to
pristine RuO, likely due to its thicker melanin-like film
impeding charge transfer. Tafel plots derived from the LSV
results were analyzed to further evaluate the electrochemical
catalytic kinetics of RuO,@CME, RuO,@CEE, and pristine
RuO, (Fig. 4d). RuO,@CME exhibited the lowest Tafel slope of
68.4 mV dec™?, indicating superior kinetics, while RuO,@CEE,
RuO,@pDA, and pristine RuO, showed higher Tafel values of
82.1, 156.5, and 113.7 mV dec™ ', respectively. These results
suggest that enhanced reaction kinetics lead to reduced

© 2026 The Author(s). Published by the Royal Society of Chemistry
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overpotentials in both RuO,@CME and RuO,@CEE, while the
pDA coating inhibits catalytic activity. Additionally, charge
transfer resistance (R.) values derived from electrochemical
impedance spectroscopy (EIS) further confirmed the trend in
electrocatalytic performance (Fig. 4e). The R values were
significantly lower for RuO,@CME (21.6 Q) and RuO,@CEE
(36.3 Q) than for RuO,@pDA (81.2 Q) and pristine RuO, (73.8
Q). These results indicate that the choice of the melanin-like
film on RuO, enables control over charge transfer kinetics,
thereby directly influencing catalytic activity for the OER. The
detrimental effect of pDA is attributed to its thick, capacitive
organic film. The long-term stability of the best performing
catalysts, RuO,@CME and RuO,@CEE, was evaluated via
chronopotentiometry at 10 mA cm™>. Both catalysts retained
stable OER performance over 10 h without significant potential
drift (Fig. 4f).

To further ensure that the observed enhancement in OER
activity is not solely attributable to differences in the film
thickness, thinner pDA films (~10 nm) were prepared by
lowering the deposition time under alkaline conditions,
alongside thicker pDA coatings fabricated under otherwise
identical conditions (Fig. S17). While the CME- and CEE-derived
coatings exhibited ultrathin thicknesses on the order of ~2 nm,
continuous and uniform pDA films could only be reliably
formed down to approximately 10 nm (Table S2).***** The
inherent difficulty in achieving reproducible, ultra-thin thick-
ness (<10 nm) via traditional alkaline deposition (typically at pH
~8.5) is fundamentally rooted in the rapid auto-oxidation and
polymerization kinetics of dopamine. In these high-pH envi-
ronments, the thermodynamic driving force is so high that the
stages of primary nucleation and subsequent oligomer aggre-
gation overlap significantly. This results in a deposition process
that is difficult to terminate precisely at the sub-10 nm scale
without compromising surface uniformity.

Within this set of thickness-controlled pDA samples, the
reduced-thickness pDA coatings exhibited electrocatalytic
activity comparable to that of bare RuO,, indicating that pDA
films at this thickness do not intrinsically suppress the activity
of the underlying RuO, substrate (Fig. 4c—e). Specifically, the
thin pDA-coated RuO, showed an 7, of 315.6 mV and a Tafel
slope of 117.8 mV dec ", both of which are close to the values
obtained for pristine RuO,. The 7,4, increased to 447.8 mV,
reflecting limited charge-transfer capability under high-rate
operating conditions. EIS measurements further revealed that
even the reduced-thickness pDA films exhibited a relatively high
R of 79.4 Q, comparable to that of bare RuO, and substantially
higher than those of the CME- and CEE-derived films.

As an additional control experiment to probe the chemical
origin of the enhanced activity, we prepared RuO, catalysts
coated with melanin-like films derived from non-esterified
cysteine under comparable conditions. Despite the presence
of thiol functionality, the cysteine-derived coatings exhibited
significantly lower OER activity than their CME- and CEE-
derived counterparts (Fig. S18), indicating that thiol groups
alone are insufficient to impart enhanced electrocatalytic
performance.
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Fig. 4 TEM images and electrochemical analyses. (a and b) TEM images of RuO,@CME and RuO,@CEE, respectively. (c) LSV curves, (d) Tafel
plots, and (e) Nyquist plots for bare RuO,, RuO,@CME, RuO,@CEE, RuO,@pDA (1 h), and RuO,@pDA (48 h). (f) Chronopotentiometry curves of
RuO,@CME and RuO,@CEE. RuO,@CXE denotes RuO, particles coated by immersion in an aqueous solution containing dopamine and CXE.
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This result highlights the critical role of esterification in
defining the chemical microstructure and interfacial properties
of cysteine-derived melanin-like films. Esterification of the
carboxyl group is expected to modulate hydrogen-bonding
interactions, molecular packing, and electronic coupling
within the film, thereby enabling more efficient charge transfer
across the catalyst-electrolyte interface. Taken together with the
thickness-controlled pDA experiments, these findings demon-
strate that the superior OER activity of CME- and CEE-coated
RuO, arises from their unique chemical characteristics impar-
ted by the esterified cysteine derivatives, rather than from the
film thickness or the mere presence of thiol functionality.

Theoretical rationalization of the facilitating role of the
pheomelanin-like film in the OER

To shed light on the potential mechanism by which the ultra-
thin pheomelanin-like film facilitates the OER, density func-
tional theory (DFT) calculations were performed using the CME-
derived structural model proposed in Fig. 5a. At present, we
cannot unambiguously confirm or exclude the formation of
discrete DHI/DHICA motifs under CME/CEE-assisted condi-
tions, because the resulting melanin-like films are chemically
heterogeneous and lack unique, diagnostic spectroscopic
signatures. Accordingly, we discuss the reaction pathway in
terms of kinetically plausible quinone trapping and subsequent
coupling processes. Previous studies have shown that the OER
activity of graphitic carbon atoms can be controlled by both
edge effects and electrophilicity, wherein carbon atoms that are
more positively charged and located near the edge of graphene
exhibit stronger adsorption of OER intermediates.*® In partic-
ular, both formation and activation of the *O intermediate are
critical for efficient OER on graphene-based materials.*® While
a carbon-based graphene structure typically favors epoxide
intermediates, electronic modulation of the graphitic layer can
shift the reaction preference toward the formation of enolate
intermediates.” In the structural model proposed in this work,
resonant tautomers alter the active imine carbon sites and their
electrophilicity through the involvement of graphitic and
edge N atoms (Fig. 5b). The development of graphitic nitrogen
distinguishes the preferred tautomeric states—adjacent imine
sites (e.g., Cq) favor a keto-imine tautomer without graphitic N,
while nonadjacent edge imine sites favor an enamine tautomer
with graphitic N. This distinction arises from the presence of
graphitic N, which stabilizes a distinct tautomeric structure to
reduce formal charge separation.

Coupled with OER thermodynamic analysis, the Mulliken
charge data reveal a strong correlation between the electrophi-
licity of a carbon atom and the stability of *OH and *OOH
intermediates in the graphitic structure (Fig. S19). As previously
reported,® a more positive Mulliken charge on a carbon atom
enhances the adsorption strength of OER intermediates at
graphitic carbon sites. However, edge carbon atoms show
a reversed trend that more electron-rich carbons (e.g., Cs) show
stronger adsorption of *OH and *OOH, indicating that
adsorption preferences at edge carbon sites are governed
primarily by edge effects rather than electrophilicity. Mulliken
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charge analysis in Fig. 5c further highlights this distinction,
showing that carbon atoms adjacent to graphitic N are relatively
electron-poor (+0.35¢) in contrast to edge carbon atoms, which
are more electron-rich (+0.23 to —0.01e). Based on these charge
distributions, the epoxide intermediates preferentially form at
the edge imine sites (C;, Cs, Cs, C;, and Co), while enolate
intermediates are stabilized at the most electron-poor carbon
sites (C3 with +0.54e and C;, with +0.36¢).

As shown in the overall OER thermodynamic profiles in Fig. 5d
and S20, the most active OER site in the structure without
graphitic N is the edge imine carbon (C,,), where a bridged *O
atom is adsorbed over an imine N=C bond. However, the allylic
carbon (C,) shows excessively strong adsorption of *O in the form
of an epoxide (—1.03 eV), resulting in an unacceptably high acti-
vation barrier for *OOH formation (+1.81 eV) (Fig. S20a). In the
graphitic structure, a higher population of edge imine becomes
accessible. For example, the imine-bridged *O intermediate at the
C, site shows moderately improved stability (+0.58 €V) compared
to its counterpart in the non-graphitic N (+0.64 eV), revealing the
thermodynamic advantage of edge effects in a graphitic structure.
On the other hand, the imine carbon adjacent to the central N
(Cyq0) can adsorb an enolate intermediate due to its high electro-
philicity. However, the enolate is overly stabilized (—0.30 eV),
leading to a large activation barrier for conversion to *OOH (+1.32
eV) (Fig. S20b). Therefore, optimal OER activity can be achieved by
a balance between *O formation and activation, particularly at
edge imine carbon atoms. The correlation plot showing *O
formation energy (AG,, *OH + OH  — *O + H,0 + e ") versus *O
activation energy (AG;, *O + OH™ — *OOH + e) displays
a negative correlation between the two parameters. Among all sites
analyzed, C, with graphitic N exhibits the most favorable balance
between activity and stability for the *O intermediate, out-
performing C,, in the structure without graphitic N (Fig. 5e).
Overall, the graphitic structure maximizes both OER activity and
the population of the catalytically active edge imine carbon atoms,
while graphitic N contributes to the stability of intermediates via
resonance effects.

The significance of specific functional groups in the film
structures was estimated through charge difference analysis
and interfacial interaction energy calculations (Fig. S21). Bader
charge analysis and charge density differences reveal that
increasing the film thickness by the adsorption of additional
layers significantly reduces charge transfer efficiency, regardless
of the molecular structures of the film (from +1.10e to +0.25¢ for
CME and from +1.28e to +0.28e for pDA). However, the main
difference lies in the atomic contributions to the interfacial
interactions. The interaction between RuO, and pDA molecular
units is dominated by localized hydrogen bonding, whereas
CME exhibits a more uniformly distributed charge density
difference across the heteroatoms of its aromatic rings in the
secondary CME. This contrast indicates that esterified organic
moieties without hydrogen bonding can more effectively and
homogeneously modulate the electronic properties of the film
through interfacial charge redistribution.
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Conclusions

While traditional chemical design favors simple and predictable
molecular compositions, complex systems leverage compositional
diversity to manifest emergent properties such as adaptation and
spontaneous organization. By embracing this complexity through
the BTZ-based pathway, we demonstrate a practical strategy for
realizing emergent material functions—specifically optimized
interfacial electronic structures—that remain elusive in tradi-
tional, simplicity-rooted molecular regimes.

In this study, we investigated a catecholamine-derived
complex system, building upon previously reported
pheomelanin-inspired materials,”**° to harness emergent
properties for enhancing electrocatalytic performance. Specifi-
cally, we demonstrated that a pheomelanin-like film—drawing
inspiration from natural pigment chemistry—can serve as an
effective bioinspired interfacial modifier to improve the OER on
conventional metal-based catalysts. By introducing a thin,
ultrasmooth organic layer, we achieved significant reductions in
overpotential and improved charge transfer kinetics, high-
lighting the potential of organic-inorganic hybrid designs for
catalysis. This bioinspired strategy offers a promising path
toward more efficient and sustainable electrocatalytic systems,
contributing to the advancement of renewable energy technol-
ogies such as large-scale hydrogen production.

Materials and methods

Materials

The following chemicals, DA hydrochloride, CME hydrochlo-
ride, CEE hydrochloride, and Tris(2-carboxyethyl)phosphine
hydrochloride were purchased from Thermo Fisher Scientific.
1 M Tris-HCl, pH 8.5 was purchased from Biosesang (South
Korea). RuO, was purchased from Sigma-Aldrich. All reagents
were used without any further purification. Microscope slides
(DU. 2355031) were purchased from Daihan Scientific (South
Korea). Corning® 96-well black polystyrene microplates were
purchased from Thermo Fisher Scientific.

Deposition of pheomelanin-like films

All substrates were cleaned by ultrasonication in distilled water,
ethanol, and acetone for 15 min each, before being dried under
N, flow. The cleaned substrates were immersed in 10 mM Tris—
HCI buffer solutions (pH 8.5) with given concentrations of DA
hydrochloride and CME/CEE under vigorous stirring at room
temperature. After stirring, each substrate was washed with
distilled water and dried under N, flow.

Coating of RuO, particles

0.30 mmol of RuO, particles were added to 10 mM Tris-HCI
buffer solutions (pH 8.5) of DA hydrochloride and CME/CEE
under vigorous stirring at room temperature. After a desired
reaction time, the solution was centrifuged (15 000 rpm and 15
min) and washed with distilled water three times. After freeze-
drying, the coated particles were used for further analysis.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Material characterization

The UV-vis absorbance spectra of the sample solutions were ob-
tained using a Lambda 465 spectrophotometer (PerkinElmer, Inc.,
USA). Prior to each measurement, the containers were vortexed
and sonicated for 10 s. For measuring light absorption at various
reactant concentrations, a multifunctional microplate reader
(FLUOstar OPTIMA, BMG Labtech, Germany) was used. The water
contact angle was measured by dropping 5 pL of deionized water
onto each sample, and the static angles were analyzed using
Image] software. Spectroscopic ellipsometry (Elli-SE, Ellipso
Technology, Suwon, South Korea) was performed over the wave-
length range of 400-700 nm at an incidence angle of 70°. AFM
imaging of the substrates was conducted using an atomic force
microscope (XE-150, Park Systems, South Korea). An NCHR-50
AFM cantilever (NanoWorld, Switzerland) with a typical resonant
frequency of 320 kHz and a force constant of 42 N m " was
employed in non-contact mode to determine topographic profiles.
The root-mean-square roughness (R,) was calculated over a 5 x 5
um® area. XPS spectra were obtained using K-Alpha (Thermo
Electron) and Nexsa (ThermoFisher Scientific, USA) instruments
with a 400 um X-ray spot size. "H NMR spectra were recorded on
a JNM-ECZ400S/L1(400 MHz) spectrometer. The samples were
prepared with 10 mM DA hydrochloride and 2 mM CME/CEE in
Tris-dy; buffer (pH 8.5) using D,O dilution. Solid-state *C CP-
TOSS NMR spectra were obtained using a 500 MHz Avance III
HD (Bruker, USA) at the National Center for Inter-University
Research Facilities (NCIRF) of Seoul National University. The
samples were prepared with 10 mM DA hydrochloride and 2 mM
CME/CEE in Tris buffer (10 mM, pH 8.5). Experiments were per-
formed at 298 K. Each 1D"*C CP-TOSS spectrum was acquired
under magic-angle spinning (MAS) at 5 kHz. The recycle delay was
3.0 s, and 5120 scans were accumulated for each spectrum. *C
chemical shifts are reported in parts per million (ppm) and were
referenced externally to ">C glycine (176.4 ppm).

Electrochemical measurements

Electrochemical measurements were conducted using an SP300
electrochemical workstation (Bio-logic Science Instruments,
France) in a standard three-electrode system with 1 M KOH as
the electrolyte. A Hg/HgO electrode and a Pt mesh were used as
the reference and counter electrodes, respectively. To evaluate
the electrocatalytic activity of melanin-like species coated RuO,,
LSV was carried out at a sweep rate of 2 mV s~ . EIS measure-
ments were conducted at a constant bias of 0.7 V vs. Hg/HgO
over a frequency range from 0.01 Hz to 100 000 Hz with an
amplitude of 0.01 V. Chronopotentiometric measurements were
performed at a constant cutrent of 10 mA cm 2. The potential of
the working electrode was recalibrated to the reversible
hydrogen electrode (RHE) using the following equation:

ERHE =0.098 + (00592 X pH) + EHg/HgO

The overpotential (n) for the OER was determined by sub-
tracting the theoretical potential for water oxidation (1.23 V) as
follows:
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n= ERHE —1.23

Tafel slopes were derived from the polarization curves
according to the Tafel equation:

n=a+blogJ

DFT calculations

Unrestricted density functional calculations were performed
using Gaussian 16.>* The unrestricted B3LYP exchange corre-
lation functional® with the 6-31+G™* basis set was chosen for all
calculations. The intermediate structure was visualized using
VESTA 3.5.7.% Vibrational frequencies were calculated for Gibbs
free energy changes at 298.15 K. The polarizable continuum
model with the integral equation formalism (IEFPCM) was
employed for the aqueous solvent environment.>* The chemical
potential of the proton and electron was calculated using the
computational hydrogen electrode model:*

W) + (o) = p(Hg) —eU

The interaction between the RuO, (110) surface and molec-
ular moieties in the films was investigated using the Vienna ab
initio Simulation Package (VASP) 5.4.1.°° The Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional”” was
employed with Grimme's D3 dispersion correction.® The
pseudopotentials were described based on the projector-
augmented wave method,* with a kinetic energy cutoff of
400 eV. The Brillouin zone was sampled using a (4 x 2 x 1)
Monkhorst-Pack k-point mesh.® A vacuum region of 20 A was
applied normal to the RuO, surface. All structures were relaxed
until the last energy differences reached 107 eV, while the
bottom half of the RuO, slab was fixed during optimization.
Bader charge analysis was performed using the code developed
by Henkelman's group,” and charge density differences were
visualized using VESTA 3.5.8.%
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